The blood-brain barrier becomes "leaky" following lesions. Former studies revealed that following lesions the immunoreactivity of cerebrovascular laminin becomes detectable whereas that of bdystroglycan disappears. These alterations may be indicators of gliovascular decoupling that may result in the impairment of the blood-brain-barrier. This study investigates correlation between the post-lesion extravasation and the above-mentioned immunohistochemical alterations. Following cryogenic lesions, the survival periods lasted 5, 10, 30 minutes, 1 or 12 hours, or 1 day. Some brains were fixed immediately post-lesion. Immunofluorescent reactions were performed in floating sections. The extravasation was detected with immunostaining for plasma fibronectin and rat immunoglobulins. When the survival period was 30 minutes or longer, the area of extravasation corresponded to the area of altered laminin and bdystroglycan immunoreactivities. Following immediate fixation some laminin immunoreactivity was already detected. The extravasation seemed to precede this early appearance of laminin immunoreactivity. The b-dystroglycan immunoreactivity disappeared later. When the extravasation spread into the corpus callosum, vascular laminin immunoreactivity appeared but the b-dystroglycan immunoreactivity persisted. It seems that extravasation separates the glial and vascular basal laminae, which results in the appearance of laminin immunoreactivity. The disappearance of b-dystroglycan immunoreactivity is neither a condition nor an inevitable consequence of the 2 other phenomena.
INTRODUCTION
Many different types of lesions result in a "leaky" blood-brain barrier, including: stab wounds (1), cryogenic lesion (2), excitotoxic lesion (3), ischemia (4), experimental arterial occlusion (5), inflammations (6) as experimental autoimmune encephalitis (7) , and multiple sclerosis (8), brain contusion (9) , hemorrhage, stroke (10) . For recent reviews see (11) (12) (13) . Glio-vascular decoupling may have a role in the impairment of the blood-brain barrier since the glio-vascular connections are important in its formation and maintenance (14, 15) . Studies following similar lesions revealed characteristic immunohistochemical alterations of laminin and bdystroglycan (stab wounds [16] [17] [18] [19] [20] , cryogenic lesion [20] , excitotoxic lesion [21] , arterial occlusions [22, 23] , experimental autoimmune encephalitis [24] , contusion [25] , and hemorrhage [26] ). These alterations might be indicators of glio-vascular decoupling as follows.
The cerebrovascular laminin, which is not detectable in the formaldehyde-fixed tissue of intact brain, becomes detectable following lesions (16) (17) (18) (19) (20) (21) (22) (23) when the glial and vascular basal laminae separate (17, 27) . In contrast, the immunoreactivity of b-dystroglycan delineates the vessels of intact brain (28, 29) , but it disappears from the damaged brain tissue (19, 20, (22) (23) (24) (25) (26) . The b-dystroglycan is localized in the perivascular glial end-feet as a transmembrane protein. It anchors the adystroglycan, which binds laminin and other basal lamina components. The dystroglycan-basal lamina connection plays an important role in the glio-vascular coupling and in the maintenance of the blood-brain barrier (for reviews see [30, 31] ). This connection sustains the polarized distribution of the water-channel protein aquaporin 4 abutting blood vessels. The dystroglycan therefore participates in the astrocyte-mediated fluid homeostasis (32, 33) .
This study investigates the correlation between the extravasation and alteration of the cerebrovascular immunoreactivity of b-dystroglycan and laminin following cryogenic lesions. The area of post-lesion extravasation was detected by immunostaining for its intrinsic tracers, rat immunoglobulins (34) (35) (36) (37) and plasma fibronectin (38) (39) (40) . Electron microscopic immunohistochemistry was also applied to demonstrate the post-lesion localization of b-dystroglycan and laminin immunoreactivity.
MATERIALS AND METHODS

Animals
Adult rats (Wistar) of either sex weighing 250-300 g were used; they were supplied with food and water ad libitum and kept in artificial 12/12 hour light-and-dark periods. 
Cryogenic Lesions
Cryogenic lesions were generated following intramuscular ketamine-xylazine anesthesia (80 and 20 mg/kg body weight, respectively). A bone piece was removed by drilling so that a "window" was formed on the skull. The lesions were carried out by a 2-mm-thick copper rod attached to a stereotaxic instrument, cooled in frozen carbon dioxide and applied to the leptomeninx-covered dorsoparietal cortex. The frozen carbon dioxide was mixed with acetone in a plastic cylinder around the copper rod and therefore did not contact the brain. Preliminary experiments suggested that the optimal contact time is 20 seconds. In this case, the lesions were large enough to recognize them easily and similarly sized. Then the bone piece was reposed and the skin was sutured. The animals were killed by perfusion in 5 (n ¼ 6), 10 (n ¼ 6) or 30 (n ¼ 4) minutes, 1 (n ¼ 3) or 12 hours (n ¼ 4), or 1 (n ¼ 3) or 2 (n ¼ 3) days. The time data refer to the intervals left to the start of perfusion. In 8 cases, the animals were perfused immediately following the lesion, that is, there was no time interval left between the end of lesion and the start of perfusion. In this case, suture was omitted. To every post-lesion interval, a technical delay of $3 minutes was calculated until the perfusion had begun to affect. Sham lesions were also performed when a non-cooled metal probe was contacted gently for 20 seconds to the leptomeninx-covered brain, then 3 animals were perfused immediately and 3 animals each at 10 and 30 minutes.
Fixation and Sectioning
Anesthesia was similar as before (in the case of postoperative periods 0-30 minutes, second anesthesia usually was not necessary). The animals were perfused through the aorta with 100 mL 0.9% sodium chloride followed by 300 mL 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Perfusion was accomplished by hydrostatic pressure of 100 cm of water (70 mm Hg). Following perfusion brains were postfixed in the same fixative for 1-2 days at 4 C. Then serial coronal sections of 50 mm were cut with a vibration microtome (Vibratome) and rinsed in phosphate buffered saline (PBS) 0.1 M, pH 7.4 (Sigma) overnight.
Immunohistochemistry
Floating sections were pretreated with normal goat serum diluted to 20% in PBS for 90 minutes, at room temperature, to block the non-specific binding of antibodies. This and the following steps were followed by intensive rinse in PBS (30 minutes, at room temperature). The sections were incubated with primary antibodies (Table 1) for 40 hours at 4 C. The primary antibodies were diluted (as shown in Table 1 ) in PBS containing 0.5% Triton X-100 and 0.01% sodium azide. The fluorescent secondary antibodies were produced by Invitrogen (Carlsbad, CA): monoclonal anti-mouse labeled with Alexa Fluor 555 (red) or Alexa fluor 488 (green) and polyclonal anti-rabbit labeled with Alexa Fluor 488. Both secondary antibodies were raised in donkey. They were applied at room temperature for 3 hours. The sections were finally rinsed in PBS (1 hour, at room temperature), mounted onto microscope slides, cover-slipped in a mixture of glycerol and bidistilled water (1:1) and sealed with lacquer. Control sections were treated identically except for applying of primary antibody. No structure-bound fluorescence was observed in these specimens.
The impairment of neurons was demonstrated with cresyl violet staining according to Nissl. The area of postlesion extravasation was estimated by immunohistochemical detection of extravasated plasma fibronectin or rat immunoglobulins. These labelings were combined with immunohistochemical stainings for laminin or b-dystroglycan. 
Fluorescent Microscopy and Digital Imaging
Microphotographs were taken with a DP50 digital camera mounted on an Olympus BX-51 microscope (both from Olympus Optical Co. Ltd, Tokyo, Japan), or, in the case of double labelings, with a Radiance-2100 (BioRad, Hercules, CA) confocal laser scanning microscope. Digital images were processed using Photoshop 9.2 software (Adobe Systems, Mountain View, CA) with minimal adjustments of brightness and contrast. Confocal photomicrographs of double-labeled specimens were in color, the others in black and white.
Preembedding Electron Microscopic Immunohistochemistry
Two animals perfused immediately following operation were processed this way. In this case 0.5% glutaraldehyde was added to the perfusive solution. The immunohistochemical reactions were performed for b-dystroglycan and laminin on vibratome sections according to the avidinbiotinylated peroxidase method. Endogenous peroxidase was inactivated with 3% H 2 O 2 in PBS for 5 minutes at room temperature followed by an intense rinse in PBS (30 minutes). Incubations with 20% normal goat serum and primary antibodies (Table 1) were carried out as above except for that Triton X-100 detergent was reduced to 0.1% to decrease tissue destruction. The procedure continued by applying biotinylated antibodies and then avidinbiotinylated peroxidase complex (both from Vector Laboratories, Burlingame, CA). Both incubations lasted for 90 minutes at room temperature and were followed by rinses in PBS (30 minutes, at room temperature). To visualize the immunohistochemical reaction product, 0.05% 3,3-diaminobenzidine-tetrahydrochloride (DAB) and 0.01% H 2 O 2 in Tris-HCl buffer (0.05 M, pH 7.4, at room temperature) were used. The peroxidase-reaction was stopped at visual control by replacing the solution with PBS.
Electron Microscopic Investigation
Following the immunoperoxidase reactions, tissue areas were selected under light microscope and cut from the vibratome sections. They were immersed for 30 minutes into a 1% osmium tetroxide solution in phosphate buffer (0.1 M, pH 7.4), then rinsed in phosphate buffer and dehydrated through a graded series up to absolute ethanol. Following immersion in propylene oxyde (10 minutes), the sections were embedded into epoxy resin (Durcupan, Fluka). Semithin sections were cut with a Reichert Ultracut S ultramicrotome and stained with toluidine blue. The proper areas were selected under light microscope, and then ultrathin sections were prepared with the same ultramicrotome and mounted on grids. The photomicrographs were taken with a JEOL 100B electron microscope equipped with a Sys Morada digital camera.
RESULTS
Extravasation, Altered Vascular Immunoreactivity, and Tissue Damage Marked the Same Area
In native sections using bright field microscopy, the lesioned tissue was recognizable as a lens-like light area, which extended to the middle level of cortex and had a darker border zone (Fig. 1A) . In sections stained with cresyl violet (Fig. 1B) , the area was characterized by shrunken cells and loss of neurons. Vascular laminin immunoreactivity was detected throughout this area of the lesion (Fig. 1C) .
When either anti-immunoglobulin or anti-fibronectin immunostaining was applied following a postoperative period of 30 minutes or longer, the area of the lesion was found to be penetrated by extravasation (Fig. 1D ). The areas marked by immunoreactivity of fibronectin or immunoglobulin were similar to each other and had sharp borders with the intact tissue (Fig. 1E, F) .
The immunoreactivity of b-dystroglycan was not detected in areas corresponding to the lesions. When laminin and b-dystroglycan immunostainings were combined, the vascular laminin immunoreactivity was confined to the vessels not immunoreactive to b-dystroglycan ( Fig. 2A, B) . Double immunostaining for b-dystroglycan and fibronectin revealed that b-dystroglycan immunoreactivity disappeared in the area penetrated by extravasated fibronectin. (Fig. 2C, D) . Double immunostaining for b-dystroglycan and immunoglobulin showed a similar result (Fig. 2E, F) .
Control Experiments
Sham lesions had no effect except for 2 cases in which cerebrovascular laminin immunoreactivity (Fig. 3A) , extravasation (Fig. 3B) , and partial absence of b-dystroglycan immunoreactivity (Fig. 3C, D) was observed in a subpial zone much thinner than in the case of cryogenic lesions. Double labeling studies were controlled by combinations of the secondary antibodies. In the presence of anti-mouse plus anti-rabbit no cross-reactions were found with either anti-rabbit or anti-mouse antibody delineated vessels. The fluorescence of lesioned versus intact areas was very weak and difficult to distinguish (Fig. 3E, F) . When anti-mouse was combined with antirat, no vascular pattern was delineated and the extravasation was only visualized by the anti-rat antibody (Fig. 3G, H) .
Extravasation Spread Within the Corpus Callosum
In the cases when the extravasation reached the corpus callosum it spread in the white matter as immunostaining for fibronectin or rat immunoglobulin demonstrated it (Fig. 4A, B) . It was only found when the post-lesion period lasted 12 hours or more. Direct effect of the cryogenic lesion was not, however, found in the corpus callosum. Laminin immunoreactivity was observed in the corpus callosum ipsilaterally and in a short distance even contralaterally (Fig. 4C, D) corresponding to the area of extravasation. The b-dystroglycan immunoreactivity, however, persisted in the corpus callosum (Fig. 4E, F ).
Early Fixations: Extravasation and Laminin Were Detected in the Presence of b-Dystroglycan
Even in the brains fixed immediately following lesioning, laminin immunoreactivity was found in vessels throughout the area of the lesion. However, the b-dystroglycan immunoreactivity had not disappeared yet (Fig. 5A, B) . When double labeling was applied, confocal microscopy proved that laminin immunoreactivity had appeared in the vessels delineated by b-dystroglycan immunoreactivity (Fig. 5C-E) . Figure 5F represents a control reaction in which the 
anti-b-dystroglycan antibody had been omitted but not the anti-laminin antibody, demonstrating that the secondary antibodies do not produce a vascular pattern similar to that seen when applying anti-b-dystroglycan.
In the specimens fixed immediately, the immunoreactivity of fibronectin or rat immunoglobulin was confined to zones around vessels (Fig. 6A, B) . Most of laminin-immunoreactive vessels displayed immunoglobulin immunoreactivity. In the peripheral part of the area of the lesion there were a few vessels immunoreactive only to rat immunoglobulin, but more superficially there were some vessels without immunoglobulin immunoreactivity. However, in the specimens fixed in 10 minutes, the extravasation-penetrated areas were almost continuous throughout the whole area of the lesion.
The immunoreactivity of b-dystroglycan disappeared after laminin appeared. When extravasation surrounded the vessels (5 minutes), their b-dystroglycan immunoreactivity was still detected (Fig. 6C, D) . But, when the extravasation-penetrated areas became almost confluent (10 minutes), the b-dystroglycan immunoreactivity persisted only along few vessels (Fig. 6E, F) . Table 2 is a semiquantitative summary of the distribution of immunoreactivities following the post-lesion periods. The main alterations took place in the first 30 minutes, and the results were quite similar when the post-lesion period was longer.
Electron Microscopy Following Immediate Post-Lesion Fixation
In the area of the lesion, the glial and vascular basal laminae were partially separate and the perivascular glial end-feet were swollen almost beyond recognition (Fig. 7A-C) . The electron microscopic observations supported the data on the localizations of laminin and b-dystroglycan. Laminin immunoreactivity appeared between the separate glial and vascular basal laminae (Fig. 7B) , whereas b-dystroglycan immunoreactivity was still found within the end-feet (Fig. 7C) .
DISCUSSION
A summary of the results is as follows: (i) The area of extravasation corresponds to the area of the altered laminin and b-dystroglycan immunoreactivity in the area of the lesion.
(ii) The extravasation can precede the appearance of laminin immunoreactivity, which precedes the disappearance of bdystroglycan immunoreactivity. (iii) Laminin, but not b-dystroglycan immunoreactivity, changes in the extravasationpenetrated but not directly damaged corpus callosum.
Features of the Cryogenic Lesion
The cryogenic lesions resulted in reproducible tissue damage, large enough to easily recognize and identify vessels. According to our prior observations (18) (19) (20) , the stab wounds are less reproducible since they result in various "individual" destructions: the immunohistochemical alterations are less extended and bleeding mingles with extravasation. The cryogenic lesions result in vasogenic edema and share many features with neurotraumas (39) (40) (41) (42) (43) (44) (45) . Increases of vesicular transport (12, 35) and membrane phospholipid peroxidation (46) are thought to be factors responsible for the impairment of the blood-brain barrier in cryogenic lesions.
The sham operations demonstrated that, without freezing, touching with copper rod either does not damage the leptomeninx-covered brain or only results in minimal reaction. Although a modest effect of mechanical pressure cannot be ruled out completely, its effect is similar to that of cryogenic lesions and therefore does not modify the results.
Comparison to Independent Observations
In the damaged tissue, neurons were missing or shrunk due to necrosis or apoptosis (40, 42, 46) . A sharp border between the damaged and intact tissues was found by several authors (38, 39, 42, 43, 45) , as well as the early appearance of extravasation following the lesion (41, 45) .
Extravasation spreads along white matter tracts such as corpus callosum (43, 47) , even to the contralateral side. It may have a role in the astrocyte reaction appearing in the contralateral corpus callosum (48) .
Neuronal laminin immunoreactivity (Figs. 2B, 3D , 4A) has been described by several authors in both intact and damaged brain tissues (49) (50) (51) (52) . The phenomenon was also found in our former studies (18) (19) (20) . Its importance has not been explained yet.
It is important to understand whether perfusion may impact the extent of extravasation in tissues. Perfusion methodology has been applied in several extravasation studies (34, 36, 37, (53) (54) (55) . Macromolecular markers that contain amino group were immobilized by aldehyde fixatives (53) . Our perfusion pressure ($70 mm Hg) was even weaker than 100 mm Hg applied during extravasation studies (54, 55) and corresponding approximately to the blood pressure of rats (54) .
Alterations of b-Dystroglycan and Laminin Immunoreactivities May Indicate Glio-Vascular Decoupling
The alterations are in accordance with our previous data on the post-lesion alterations of laminin and b-dystroglycan immunoreactivities (18) (19) (20) . To explain these phenomena, we accept the opinions of Krum et al (17) and Milner et al (22) . In the brain around the vessels there are 2 basal laminae, an astroglial one and a vascular one, which fuse into a common gliovascular basal lamina, except for the circumventricular organs and in the Virchow-Robin spaces where the vascular laminin immunoreactivity remains detectable. Therefore, it is supposed that the fusion of the basal laminae "hides" the laminin Fig. 2A, B) , þþ-several, þ-few (Fig. 6E ).
$
Along vessels (Fig. 6A, C) ; -.-Less or more confluent (Fig. 6G) ; ¼Confluent (Fig. 1D) .
o
The area of extravasation corresponded to the area of the altered laminin and b-dystroglycan immunoreactivity (Fig. 1B, C) . oo b-dystroglycan immunoreactivity did not change in the extravasation-penetrated corpus callosum (Fig. 3 ). *Dystroglycan colocalized with laminin. **Fibronectin-and immunoglobulin-immunopositive areas were similar. ***Fibronectin-and immunoglobulin-immunopositive areas were identical (Fig. 1F, G) .
K alm an et al J Neuropathol Exp Neurol • Volume 76, Number 11, November 2017 epitopes (17), making them unavailable for immunoreagents. The phenomenon that laminin is detected following lesions may be attributed to a post-lesion separation of the glial and vascular basal laminae (17, 27) ; the laminin epitopes become temporarily "uncovered". For a more detailed discussion see (18) . Dystroglycan has an important role in the glio-vascular coupling, which is in turn a condition of the formation and maintenance of the blood-brain barrier by endothelial cells (14, 15) . The deletion of b-dystroglycan in mice results in discontinuity of the cerebrovascular basal laminae (56) . The post-lesion disappearance of the b-dystroglycan immunoreactivity is attributed to the cleavage of b-dystroglycan by matrix metalloproteinases (22, 24) . The cleavage of b-dystroglycan makes penetrable the blood-brain barrier for lymphocytes (24) . Metalloproteinase activity also promotes the immunohistochemical detectability of cerebrovascular laminin (57) . The early post-lesion double labeling revealed that the appearing laminin and disappearing b-dystroglycan immunoreactivities belong to the same vessels, that is the lack of the b-dystroglycan immunoreactivity is not due to the lack of vessels.
Post-Lesion Morphology of Glio-Vascular Connections
By light microscopy, Hawkins et al (58) observed no sign of astrocyte detachment following either oxygen/glucose deprivation or direct antibody-blockade of dystroglycan, although impairment of the dystroglycan-dependent watertransport was demonstrated.
On the basis of electron microscopic investigation, Jaeger and Blight (59) reported that the astrocytic end-feet "decoupled'"from the vessels and a substantial expansion of perivascular space became evident following spinal cord compression. Kwon et al (60) also described astrocyte detachment from vessels following focal ischemia.
Our electron microscopic investigations following immediate post-lesion fixations do not support an abrupt withdrawal of the perivascular glial end-feet as extensively as the photomicrographs of Jaeger and Blight (59) demonstrated following longer post-lesion periods. On the other hand, swollen glial end-feet we found may give the impression of perivascular gaps.
The Role of Dystroglycan in the Post-Lesion Extravasation Is Multilateral
Matrix adhesion receptors are essential for the maintenance of the microvascular integrity and the blood-brain barrier (61); therefore, the decay of b-dystroglycan may contribute to their impairment. It also decreases the ability of the perivascular glia to remove the water extravasated into the intercellular space in vasogenic edema. The water removal depends on the polarized distribution of aquaporin 4 clustered abutting blood vessels, which is disarranged following the disruption of the dystroglycan-laminin interaction (33, 58, 62) .
In the other form of cerebral edema (ie cytotoxic [intracellular] edema), aquaporin 4 promotes the water influx into the perivascular glia from the bloodstream, occurring, for example, in cerebral ischemia. In this case the aquaporin 4 deficiency reduces water entry and mitigates edema at least in an early phase (33, 63) but not later (25) .
In addition to aquaporin 4, dystroglycan also anchors potassium-channel (Kir4.1) and receptor molecules. Therefore, its decay impairs the potassium-buffering capacity of astrocytes and the adhesion-dependent signaling, which also adversely contribute to the brain injury (61) .
Correlations of the Phenomena
In the brains fixed immediately, some vessels were immunoreactive to extravasated immunoglobulin but not to Laminin immunoreactivity is detected between the separate basal laminae. Arrows point to gap with laminin immunohistochemical reaction product, arrowheads point to the tight contact, which is without reaction product. Scale bar: 1 mm. (C) b-dystroglycan around a capillary, in swollen glial end-feet. Arrows point to immunohistochemical reaction product. Scale bar: 2 mm. E, endothelial cell, EF, end-foot, L, capillary lumen, P, pericyte, RBC, red blood cell.
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Post-Brain Lesion Laminin and b-Dystroglycan laminin at the periphery of the area of the lesion. This suggests that the appearance of laminin immunoreactivity may be a consequence of extravasation. The brain interstitial fluid is supposed to be drained along paravascular pathways between the glial and vascular basal laminae (64) (65) (66) (67) . It is possible, therefore, that the post-lesion extravasation separates the basal laminae, and the separation results in the post-lesion cerebrovascular appearance of laminin immunoreactivity. The fact that few vessels were immunopositive only to laminin, however, challenges the possibility of this mechanism. The extravasation and the appearance of laminin immunoreactivity precede the disappearance of b-dystroglycan immunoreactivity, but b-dystroglycan immunoreactivity persists in the laminin-immunoreactive vessels of the extravasationpenetrated corpus callosum. This suggests that the disappearance of b-dystroglycan immunoreactivity is neither a condition of, nor an inevitable consequence of the 2 other phenomena. However, its role in the maintenance and enhancement of extravasation in a later phase cannot be not excluded. 
ACKNOWLEDGMENTS
